We study a class of generalized models of gauge mediated supersymmetry breaking (GMSB). We find the parameters and the full particle spectrum of the minimal supersymmetric standard model (MSSM) for all GMSB models with messenger multiplicities that satisfy the perturbativity of the gauge couplings up to the GUT scale. We give a detailed description of the algorithm that has been used to predict all the unmeasured parameters of the MSSM by taking (one-loop) radiative effects into account. We also calculate the branching ratio BR(b → sγ) and find that it always turns out to be larger than the standard model prediction. However, we find that the branching ratio typically remains within the current experimental bounds, except for some special cases with a light charged Higgs boson, or a small supersymmetry breaking scale and a negative µ-parameter.
theories with gauge-mediated SUSY breaking (GMSB), which were initially studied nearly two decades ago [1] . The former models naturally lead to a universal soft-breaking sector near the Planck scale but are incapable of sufficiently suppressing large flavor violations at observable scales. Over the years many attempts have been made to solve this notorious SUSY flavor problem by invoking the "super-GIM" mechanism by assuming mass-degeneracy among the squarks and sleptons of a given flavor [2] . However, it is now understood that a number of rather generic phenomena, including non-minimal Kähler potentials, GUT effects, and superstring thresholds, can break degeneracy in SUGRA models and, in fact, even if all these could be somehow ruled out, scalar mass degeneracies will tend to be spoiled since flavor physics occurs below the scale at which SUSY-breaking is communicated to the SM.
On the other hand, in GMSB theories gauge interactions provide flavor-symmetric SUSY breaking terms and thus naturally suppress the flavor-changing neutral currents associated with (universal) soft squark and slepton masses. Furthermore, due to the relatively low value of the SUSY-breaking scale in GMSB theories, this universality remains nearly unbroken as one evolves the mass parameters to the electroweak scale by using the renormalization group equations (RGEs). Among other attractive features of GMSB theories are the small number of free parameters, compared to the minimal supersymmetric standard model (MSSM), and the possibility of providing a solution to the SUSY CP problem. These features, together with the recent advances in understanding nonperturbative effects in SUSY gauge theories [3] and the discovery of many new mechanisms for dynamical SUSY breaking (DSB) [4] , have led to a revival of interest in GMSB models [5] .
In the minimal version of the GMSB model [5] the messenger fields which communicate SUSY breaking to the visible sector belong to the 5 + 5 or 10 + 10 representations of the SU(5) gauge group, and the messenger Yukawa couplings in any given SU(5) representation are taken to be equal at the unification scale M GUT . In order to communicate SUSY breaking, in addition to the particles in the minimal supersymmetric standard model (MSSM), the minimal GMSB theory contains at least one singlet superfield S which couples to vector-like messenger superfields V + V through the superpotential interaction
At a scale Λ M ∼ 10 2 −10 4 TeV, SUSY is broken and both the lowest and F -component, F S , of the singlet superfield S acquire vacuum expectation values (VEVs) through their interactions with the hidden sector. The VEV S gives masses to the vector-like supermultiplets V + V , while F S induces mass splitting within the supermultiplets. Consequently, the gaugino and sfermion masses are generated through their gauge couplings to the messenger fields.
The gauginos receive masses at one-loop, m λ ∼ (α/4π)Λ SUSY , where Λ SUSY = F S / S , while squarks and sleptons do so only at two-loop order,
SUSY . This implies that m λ ∼m, which is another attractive feature of GMSB theories.
In the non-minimal generalizations of GMSB models [6] the messenger fields do not necessarily form complete SU(5) GUT multiplets and one is naturally led to consider messenger fields which belong to incomplete representations of the SU(5) gauge group. This can be seen by noting that the unification of the messenger Yukawa couplings at the GUT scalewhose MSSM analogue is the so-called b − τ unification [7] -is not necessarily required for gauge unification. For example, suppose that in addition to S there exist singlet superfields, S ′ , whose VEVs (but not the VEVs of their F -components) are just below the GUT scale, and which couple only to some components of the SU(5) multiplet. Then, within the SU (5) multiplet, these superfields acquire masses of order O(M GUT ) and decouple from the low-energy spectrum. The other components, which get their masses only through couplings with the superfield S, obtain masses of order λ S ∼ Λ M . Since F S is much smaller than the masses of the heavy superfields, these (missing) particles make negligible mass contributions and play a less important role in determining the MSSM mass spectrum.
Although the phenomenological aspects of the minimal GMSB theories have been studied extensively [8] [9] [10] , the generalized GMSB models-which may be more relevant for the construction of realistic SUSY GUTs-have been much less investigated. This is partly due to the larger messenger field content in the generalized GMSB theories which makes the study of these models technically more demanding. In a previous work [11] we have studied the phenomenological implications of generalized supersymmetric SU(5) GUTs with GMSB by calculating the upper limits on tan β from nucleon decay and have found that the predicted values of tan β are mostly inconsistent with the constraints from nucleon decay. Our results suggest that in order to construct phenomenologically viable models, more complicated scenarios at the unification scale have to be considered.
In this Letter, we do not wish to speculate further on GUT scale physics in relation to GMSB theories, but instead take a bottom-up approach. The outline of our investigation is as follows: by assuming the most general sector of chiral messenger superfields, and restricting the number of messenger fields by demanding that the gauge couplings remain perturbative [6] , 32 distinct possibilities for the messenger multiplicities are found. We assume vanishing bilinear and trilinear couplings in the soft scalar potential at the messenger scale. For each messenger sector there can be up to three different MSSM particle spectra and we list the full particle spectrum of all consistent models. In all the cases tan β is large and the µ-term can be either positive or negative, depending on the details of the messenger field spectrum. Our results are based on the calculation of the one-loop effective potential for a given messenger sector and we use the SM renormalization group equations (RGEs) to one-loop order to run the gauge and Yukawa couplings from the electroweak scale, m Z , to the squark mass scale, m SUSY .
We then compute the branching ratios for the b → sγ decay and compare it to the SM prediction. This decay channel is very sensitive to new physics in the large tan β regime.
The dominant non-SM contributions arise through constructive interference with the charged Higgs-boson loops and the next most important contributions are due to charginos. We find that in all the representative cases the branching ratios for the b → sγ decay are larger than the SM prediction. For the minimal GMSB models our results qualitatively agree with
Borzumati's in [9] .
Following Martin [6] , we specify the messenger superfields in the generalized GMSB models as follows:
where the multiplicities of the messenger fields are denoted by (n Q , n U , n D , n L , n E ).
At this stage, several restrictions can be used to reduce the number of possible models (see Ref. [6] for further discussion). By requiring that the gauge couplings remain perturbative, that the messenger field masses taking part in SUSY breaking not greatly exceed 10 4 TeV, and that all the gauginos acquire a non-vanishing mass, one ends up with 53 models obeying the following costraints on the messenger multiplicities [6] :
or (1, 1, 1, 1, 1) or (1, 2, 0, 1, 0) or (0, 0, 4, 4, 0) .
Some of these 53 models give equivalent MSSM physics, since the sparticle masses are unaffected by changing Q+Q+E +Ē ↔ 3(D +D+L+L) (equivalent to 10+10 ↔ 3(5+5)) or U +Ū ↔ D +D + E +Ē. Taking these permutation symmetries into account one is finally left with 32 different possibilities.
The vanishing trilinear and bilinear couplings in the soft scalar potential at the messenger scale makes GMSB models phenomenologically extremely predictive and fixes all the (as yet unmeasured) parameters of the MSSM for a given messenger sector. However, in order to implement this property one must compute the (radiatively corrected) effective potential and search for the minimum. We shall now proceed with the study of these radiative effects in the 32 models identified above and discuss their implications.
Our goal is to determine all the MSSM parameters for any given messenger sector. We specify the messenger sectors by their corresponding messenger multiplicities in (2) and then find its roots at Λ M by standard numerical methods.
The one-loop effective potential written in terms of the VEVs,
where
where S k , n k , and M k are respectively the spin, the number of degrees of freedom, and the mass of the fields that contribute to ∆V , and where all the couplings are evaluated at some arbitrary renormalization scale Q.
The full effective potential is independent of the renormalization scale Q: the effects of changing the scale Q in ∆V (Q) are exactly cancelled as a result of the field and coupling constant renormalizations at the new scale. However, the one-loop leading-logarithmic approximation we are using is most accurate when the logarithmic terms in (5) are as small as possible, which is generally true when Q is chosen to equal m SUSY ≃ m squark .
First we use the SM RGEs to evolve the gauge and Yukawa couplings from the m Z scale to the squark mass scale, m SUSY . At the m SUSY scale we match the SM and the MSSM parameters. This matching is straightforward at one-loop level, except for numerically significant two-loop corrections δ b to the down quark Yukawa couplings in the high tan β regime [12] :
At first iteration we simply ignore the two-loop threshold effects and set δ b = 0. We use the MSSM RG equations to run the Yukawa couplings to the messenger scale Λ M .
At the messenger scale the values of the mass-squared terms are given by the known two-loop graphs, while the trilinear soft terms vanish. We then run the Yukawa couplings, the mass-squared terms and the trilinear terms down to m SUSY .
The minimization conditions for the tree-level potential V 0 are
Using (7) one can solve the bilinear term, which we denote by B 0 , and the µ-term, denoted by µ 0 = sign(µ) µ 2 0 . As for δ b , it can be approximated by [12] 
repeat the previous steps to obtain the scalar mass-squared terms and the soft trilinear couplings at scale m SUSY .
We then calculate the mass eigenvalues of all the gauge bosons, fermions, and scalars.
We check that all the scalar mass-squared eigenvalues are non-negative, i.e., that we are at a true local minimum of the tree-level potential. The obtained masses and their first derivatives with respect to the VEVs are then used to minimize the full one-loop effective potential by using the equations
from which we can solve µ = sign(µ) µ 2 0 + δµ 2 and B = B 0 + δB, where
Numerically, the most significant one-loop contribution to δB and δµ 2 comes from the (s)top and (s)bottom loops. The contribution can be obtained by a straightforward calculation from eqs. (5) and (11) We use one-loop RGEs for all MSSM parameters, except for the bilinear scalar coupling B, for which we use the full two-loop expression [13] . Including the two-loop contribution to the running of B-parameter decreases (increases) tan β prediction for positive (negative) µ-parameter (for a discussion on including the two-loop RGE running see [9] ).
We have listed all models consistent with radiative symmetry breaking in table I, taking Λ SUSY = 100 TeV and Λ M = 100 Λ SUSY . There is a total of 32 possible messenger multiplicities and for each messenger multiplicity there can be several possible solutions corresponding to different roots of the function B Λ M (tan β, sign(µ)).
In Fig. 1 we have plotted the function B Λ M (tan β, sign(µ)) for some representative models.
In the minimal case (0, 0, 1, 1, 0) there is only one root corresponding to a positive µ-term.
There are three possible models having messenger multiplicities (0, 0, 1, 2, 0), one root corresponding to positive µ-terms and two roots corresponding to a negative µ-term. For all messenger configurations the corresponding lines are cut above certain values of tan β, since they would not lead to the desired radiative symmetry breaking: either the SU(3) C ×U(1) em preserving vacuum state would actually be a saddle point of the effective potential due to the negative stau mass-squared eigenvalue, or the minimization conditions in eq. (10) would have no solutions for |µ 2 | ≥ 0.
For every model we have calculated the ratio of the branching ratio BR(b → sγ) by using the full one-loop expression given in [14] . We find that the most important non-SM contribution comes from the constructive interference with the charged Higgs loop.
For a positive (negative) µ-term the contribution from the chargino channel is typically approximately 5-30 % destructive (constructive). The gluino amplitude is typically about one per cent of the SM amplitude, while the neutralino contribution turns out to be totally negligible.
We find that in all the representative cases, except some models with very low SUSY breaking scale, the branching ratio BR(b → sγ) is larger than the SM prediction. The experimental bounds (1.0 < 10 4 × BR EXP (b → sγ) < 4.2 [15] ) combined with the theoretical uncertainty in the SM prediction (10 4 × BR SM (b → sγ) = 3.5 ± 0.3 [16] ) limit the branching ratio to be between 0.3 and 1.4 times the SM prediction. At Λ SUSY = 100 TeV, all models obey this limit.
In Fig. 2 This interference keeps the branching ratio BR(b → sγ) approximately constant for all scales for models with heavy charged Higgs fields. In the case sign(µ) = −1 the chargino amplitude interferes constructively. As a result, the branching ratio can grow unacceptably large for small SUSY breaking scales.
To summarize, we have described in detail an algorithm to calculate all the unmeasured parameters of the MSSM for a given messenger sector with vanishing bilinear and trilinear soft terms. We have performed this calculation for a class of generalized GMSB models, giving the full particle spectrum for each model.
We have also calculated the branching ratios BR(b → sγ) for these models. We find that the branching ratio is almost always greater than the SM prediction. For most of these models the predicted branching ratios are less than 1.3 times the SM prediction. However, models with light (m H < ∼ 300 GeV) charged Higgs boson, or small supersymmetry breaking scales and negative µ-parameter, result in unacceptably large BR(b → sγ). We would like to thank F. Borzumati and T. Kobayashi for useful discussions and correspondence. 
TABLES

